It is well known that the differences between the lepton numbers can be gauged with the Standard Model matter content. Such extended gauge theories, dubbed as the gauged U(1) Lα−L β models, have been widely discussed so far as potential candidates for physics beyond the Standard Model. In this work, we study the minimal versions of these gauge theories, where three right-handed neutrinos as well as a single U(1) Lα−L β symmetry breaking Higgs field-an SU(2) L singlet or doublet-are introduced. In these minimal models, the neutrino mass terms are constrained by the gauge symmetry, which result in the two-zero texture or twozero minor structure of neutrino mass matrices. Such restrictive forms of neutrino mass matrices lead to non-trivial predictions for the neutrino oscillation parameters as well as the size of the mass eigenvalues. We find that due to this restriction the minimal gauged U(1) Lα−L β models are either incompatible with the observed values of the neutrino parameters or in strong tension with the Planck 2018 limit on the sum of the neutrino masses. Only the U(1) Lµ−Lτ model with an SU(2) L singlet U(1) Lµ−Lτ -breaking field barely evades the limit, which can be tested in the future neutrino experiments.
Introduction
The Standard Model (SM) of particle physics proved extremely successful in describing most of the phenomena below the TeV scale. This is based on the SU(3) C ⊗SU(2) L ⊗U(1) Y gauge theory with three generations of quarks and leptons as well as one SU(2) L doublet Higgs field. Although this gauge structure seems necessary and sufficient to explain most of the experimental data so far, the SM potentially allows an extension of the gauge sector by gauging one of the accidental U(1) symmetries in the SM [1] [2] [3] [4] . Among the possibilities of such U(1) symmetries, the differences in the lepton numbers are frequently considered in various contexts. We denote these symmetries by U(1) Lα−L β , where L α (α = e, µ, τ ) represent the lepton number for each flavor. In particular, the U(1) Lµ−Lτ models are quite motivated since the new gauge interaction mediated by the U(1) Lµ−Lτ gauge boson may account for the muon g − 2 anomaly [5] [6] [7] [8] while avoiding the experimental constraints thanks to the absence of its couplings with electron and quarks at tree level [9, 10] . In addition, possibilities of explaining flavor anomalies with this gauge boson have also been discussed [11, 12] . The U(1) Lµ−Lτ gauge boson is often utilized also in dark matter models in order to realize the correct dark matter abundance [13] [14] [15] [16] [17] [18] [19] . Other recent related studies on the gauged U(1) Lα−L β models are found in Refs. .
Under the U(1) Lα−L β gauge symmetries, only the lepton sector is transformed nontrivially. This motivates us to study if the lepton sector of the gauged U(1) Lα−L β models is compatible with the existing experimental results. In particular, the models should account for the observed pattern of neutrino oscillations, which constrains possible flavor structures of the lepton sector. For previous studies on the neutrino sector of the gauged U(1) Lα−L β models, see Refs. [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] . To obtain a successful model, it is required to introduce right-handed neutrinos. These right-handed neutrinos can have the Dirac mass terms with left-handed neutrinos as well as the Majorana mass terms among themselves, and if the size of the former is much smaller than that of the latter, the Type-I seesaw mechanism [59] [60] [61] [62] generates small masses for active neutrinos. It however turns out that the introduction of right-handed neutrinos is insufficient, as the U(1) Lα−L β gauge symmetries forbid many of the Dirac and Majorana mass terms, forcing the neutrino mass matrix to be block-diagonal. Such a block-diagonal neutrino mass matrix is unable to explain the neutrino oscillation data. We thus need to break these gauge symmetries spontaneously by using vacuum expectation values (VEVs) of additional scalar fields. For the VEV of a scalar field to affect the neutrino mass structure through the renormalizable interactions, it should be an SU(2) L singlet with hypercharge zero or doublet with hypercharge 1/2.
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It is then found that if such a scalar field has the U(1) Lα−L β charge ±1 and there are more than three right-handed neutrinos, all of the three active neutrinos can mix with each other. Therefore, the simplest and potentially viable U(1) Lα−L β models consist of three right-handed neutrinos and a single U(1) Lα−L β -breaking scalar field besides the SM matter fields. We refer to such models as the minimal gauged U(1) Lα−L β models and focus on them in this paper.
In the minimal gauged U(1) Lα−L β models, there is still a strong constraint on the neutrino mass structure, since a single U(1) Lα−L β -breaking scalar cannot give rise to all of the components in the neutrino mass matrices [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] . It is found that these models have a neutrino mass matrix that has the form of the so-called two-zero texture [63] [64] [65] [66] [67] or two-zero minor [68, 69] structure. These structures require the low-energy neutrino parameters (three mass eigenvalues, three mixing angles, and three CP phases) to satisfy two conditional expressions, which make four parameters among them dependent on the rest of the parameters. Therefore, given the observed values of the neutrino mixing angles and the mass-squared differences, we can predict the Dirac and Majorana CP phases as well as the mass eigenvalue of the lightest state by solving the conditional equations. However, it should be noted that these equations may have no viable solution; in fact, it was shown in Ref. [57] that among the minimal gauged U(1) Lα−L β models with a singlet U(1) Lα−L β -breaking scalar boson, we could find a solution only for the U(1) Lµ−Lτ model. In addition, with the neutrino oscillation parameters obtained from the global fit that was the latest then, it was found that for the U(1) Lµ−Lτ model the Dirac CP phase was predicted in an experimentally favored range, while the sum of the neutrino masses turned out to be rather large, 0.12-0.40 eV, and a part of this range had already been disfavored by the Planck 2015 result, i m i < 0.23 eV [70] .
These results, however, need to be reconsidered given that several new data have been published after the work. Among other things, there are two important updates. First, the favored range of θ 23 , on which the above predictions have strong dependence, changed from the previous result in the up-to-date global fit given by NuFIT v4.0 [71, 72] . This is mainly because the value of θ 23 favored by the NOvA experiment shifted [73] from the previous value [74] , which is now in good agreement with the T2K result [75, 76] . Second, the Planck collaboration reported new results for the measurements of the cosmological parameters and gave a more stringent upper limit on the sum of the neutrino masses: i m i < 0.12 eV [77] . By comparing this with the aforementioned values predicted in Ref. [57] , we see that there is a tension between them.
Motivated by this demand, in this paper, we study the structure of the neutrino mass matrices in the minimal gauged U(1) Lα−L β models. We discuss not only the case with an SU(2) L singlet U(1) Lα−L β -breaking scalar boson as in Ref. [57] , but also those with SU(2) L doublet ones. We list all of the minimal gauged U(1) Lα−L β models and systematically check their predictions against the latest experimental results. It is found that all of the models except for the U(1) Lµ−Lτ model with a singlet scalar have already been excluded. The remaining one possibility is also in a rather strong tension with the Planck 2018 limit on i m i , and this case will soon be tested in the future neutrino experiments. This paper is organized as follows. In the subsequent section, we list all of the possible minimal gauged U(1) Lα−L β models and show their particle content, the assignment of quantum numbers, and the Lagrangian terms relevant to the neutrino mass matrices. It turns out that the SU(2) L doublet cases accommodate the charged lepton flavor violation-we study the phenomenological consequences of such effect in Sec. 3. In Sec. 4, we show the structure of the neutrino mass matrix in each model, and derive the conditional expressions imposed on the low-energy neutrino parameters. We then study the prediction for the sum of the neutrino masses obtained in each model in Sec. 5, and compare them to the Planck limit. For the U(1) Lµ−Lτ model with a singlet scalar, which is the only case that has not been completely excluded yet, we also show other predictions and discuss the testability of this model. Finally, Sec. 6 is devoted to conclusion and discussion.
Models
To formulate the minimal gauged U(1) Lα−L β models, we first define the lepton flavors in our setup. Usually, the flavors of charged leptons are defined with respect to their mass eigenstates. In the U(1) Lα−L β gauge theories, however, the assignment of the gauge charges itself distinguishes the lepton flavors, and thus it is more convenient to define the lepton flavors in the gauge eigenbasis. The difference between these two definitions becomes manifest when the Dirac mass matrix for the charged leptons in the gauge eigenbasis is different from diag(m e , m µ , m τ ), where m e , m µ , and m τ are the masses of electron, muon, and tau, respectively-we will note the difference when we consider such a situation in the following discussions.
In this work, we consider a U(1) gauge theory where the three flavors of the charged leptons have the U(1) charges of 0, +1, and −1. We refer to these charged leptons as e, µ, and τ , respectively, without loss of generality. As this assignment is equivalent to L µ − L τ in the ordinary sense, we call this symmetry the U(1) Lµ−Lτ gauge symmetry. In this formulation, the other U(1) Lα−L β gauge theories in the mass eigenbasis are obtained when the charged lepton mass matrix has a form of
where D 3 (g) denotes a three-dimensional real representation of the symmetry group S 3 , with g an element of the group: g ∈ S 3 . Through this equation there is a one-to-one correspondence between an element of g ∈ S 3 and the diagonal components of M = diag(m 1 , m 2 , m 3 ); we thus denote the element by g 1 2 3 . The U(1) Lα−L β gauge theory is then obtained for g 1 2 3 that transforms µ → α, τ → β, and e into the remaining flavor. The left-handed neutrino ν has the same U(1) Lµ−Lτ gauge charge as that of the charged lepton counterpart, L,R . In addition, we introduce three right-handed neutrinos N e , N µ , and N τ , which have the U(1) Lµ−Lτ charges of 0, +1, and −1, respectively. All of the SM quarks are not charged under the U(1) Lµ−Lτ gauge symmetry. With this choice of quantum numbers, the theory is free from gauge anomalies [1] [2] [3] [4] . 2 We also exploit an SM(-like) Higgs field, i.e. an SU(2) L doublet scalar with hypercharge +1/2 and the U(1) Lµ−Lτ charge zero; this scalar field is responsible for giving masses to the SM fields. As we discussed in the previous section, we further introduce one extra scalar field to break the U(1) Lµ−Lτ gauge symmetry. There are only three possibilities for the quantum numbers of the scalar field that can yield a neutrino mass matrix with which all of the three active neutrinos mix with each other: For the case (i), one may also think of the U(1) Lµ−Lτ charge −1 case. However, this case is just the complex conjugate of the case (i) and thus these two are equivalent. Similarly, the choice of Y = −1/2 in the cases of (ii) and (iii) is the complex conjugate of the cases (iii) and (ii), respectively.
In what follows, we discuss each case separately, showing the Lagrangian terms relevant to the neutrino mass structure.
Singlet
The interaction terms in the leptonic sector of the case (i) are given by
where H and σ denote the SM Higgs and the U(1) Lµ−Lτ -breaking singlet scalar, respectively, and L α are the left-handed lepton doublets. The dots indicate the contraction of the SU(2) L indices. After the Higgs field H and the singlet scalar σ acquire VEVs H = v/ √ 2 and σ , 3 respectively, these interaction terms lead to neutrino mass terms
with
and the charged lepton mass terms
It is found that both the neutrino and charged-lepton Dirac mass matrices are diagonalthey are assured by the U(1) Lµ−Lτ gauge symmetry. All of the components of these Dirac mass matrices are taken to be real and positive without loss of generality. In this basis, the matrix M in Eq. (6) is in general has a form (1). In this model, the U(1) Lµ−Lτ breaking scale is set by the VEV of σ. Since σ is singlet under the SM gauge group, this breaking scale can be much higher than the electroweak scale so that the seesaw mechanism [59] [60] [61] [62] naturally explains the smallness of the active neutrino masses. Another interesting possibility for the U(1) Lµ−Lτ breaking scale is motivated by the muon g − 2 anomaly [5] [6] [7] [8] . It is known that the observed deviation in the anomalous magnetic dipole moment of the muon from the SM prediction can be accounted for by the contribution of the U(1) Lµ−Lτ gauge boson at one-loop level [9, 10] without conflicting with the existing experiments if the mass of the gauge boson is m Z ∼ 10 − 100 MeV and the U(1) Lµ−Lτ gauge coupling is g Z ∼ (5 − 10) × 10 −4 . The lower edge of the mass range is due to the limit imposed by the Borexino experiment [81] , which gives a bound on the ν-e interactions induced at loop level in this model. m Z 10 MeV is also disfavored in cosmology as it contributes to the effective neutrino degrees of freedom [42] . On the other hand, the large mass region m Z 100 MeV is constrained by the measurements of the neutrino trident production process [11, [82] [83] [84] and by the BABAR experiment searching for eē → µμZ , Z → µμ [85] . Since the mass of the U(1) Lµ−Lτ boson is given by m Z = √ 2g Z σ , the muon g − 2 anomaly can be explained for σ ∼ 10 − 100 GeV. In the following discussion, however, we do not stick to this range but regard σ as just a free parameter.
Doublet with
The generic interaction Lagrangian in the lepton sector for the case (ii) is given by
where Φ 1 (Φ 2 ) is an SU(2) L doublet scalar field with hypercharge 1/2 and the U(1) Lµ−Lτ charge +1 (0). We denote the VEVs of these fields by
for i = 1, 2, and define v ≡ v
. The Dirac and Majorana neutrino mass matrices are then given by
while for the charged lepton mass matrix we have
Notice that in this case M has off-diagonal components. Their effect on the charged lepton-flavor-violating processes is discussed in Sec. 3. Contrary to the previous case, the U(1) Lµ−Lτ -symmetry breaking scale, which is determined by the VEV v 1 , is bounded from above in the present case since v 1 should satisfy
246 GeV. Therefore, this setup predicts the U(1) Lµ−Lτ gauge boson to have a mass below the electroweak scale.
The relevant Lagrangian terms for the case (iii) are
where Φ 1 (Φ 2 ) is an SU(2) L doublet scalar field with hypercharge 1/2 and the U(1) Lµ−Lτ charge −1 (0). We define the VEVs of these fields in the same way as above. The Dirac and Majorana neutrino mass matrices are then given by
Again there are off-diagonal components in M , whose implications for the lepton-flavor violating processes will be discussed in Sec. 3. As before, there is an upper limit on the U(1) Lµ−Lτ -symmetry breaking scale since v 1 should be below the electroweak scale, and thus a light gauge boson is again predicted in this case.
Lepton flavor violating decay of charged leptons
As we see in Eqs. (10) and (13), in the doublet cases the charged lepton mass matrix is not diagonal. It is diagonalized by using unitary matrices U L and
where the gauge eigenstates L,R are related to the mass eigenstates L,R as L,R = U L,R L,R . In the mass eigenbasis, the interactions of the U(1) Lµ−Lτ gauge boson with the charged leptons are given by
where P L/R = (1 ∓ γ 5 )/2, Z µ denotes the U(1) Lµ−Lτ gauge field, and
We see that the interaction in Eq. (15) in general induces flavor mixings in the charged lepton sector. The lepton-flavor-violating processes are severely constrained by experiments, which thus give stringent limits on such mixing. As discussed in the previous section, the U(1) Lµ−Lτ -symmetry breaking scale in the doublet cases should be below the electroweak scale. Moreover, to evade the experimental limits such as the neutrino trident bound [11, [82] [83] [84] , we need g Z 10 −2 for v 1 100 GeV. As a consequence, m Z m τ is generically expected. In this case, the τ → eZ decay occurs if the (1,3) component of the Z -coupling in Eq. (15) is nonzero. The partial decay width of this channel is computed as 12 and τ with µ in Eq. (17) .
To see how strong the limits from the lepton-flavor-violating processes are, let us consider the case (ii) with M in Eq. (10), and focus on the τ → eZ channel as an example. To simplify the discussion, we set y µe = 0 and y µ v 2 / √ 2 = m µ , and examine the effect of y eτ . We can always take y e v 2 , y µ v 2 , and y τ v 2 to be real and positive without loss of generality. In this basis, y eτ v 1 is in general complex. The unitary matrices U L and U R in Eq. (14) are then parametrized as follows:
where φ = arg(y eτ v 1 ) and
The mixing angle is related to the off-diagonal component through the following equation:
Using this mixing angle, the decay width of the τ → eZ channel in Eq. (17) is expressed as
On the other hand, there is an experimental upper limit on the two-body decay of τ into an electron and a missing particle imposed by the ARGUS Collaboration [86] . If the mass of the missing particle X is smaller than about 500 MeV, the limit is BR(τ → eX)/BR(τ → eνν)
0.015, with BR(τ → eνν) = 0.1782(4) [87] . For a larger mass of X, the limit gets weaker-the weakest bound is BR(τ → eX)/BR(τ → eνν)
0.035 for an X mass of ∼ 1 GeV-and then more stringent limits are set for masses larger than 1 GeV up to 1.6 GeV. For m Z < 2m µ , Z dominantly decays into neutrinos and thus it is invisible in experiments. Therefore, we can directly apply the ARGUS limit, BR(τ → eX) 2.7 × 10 −3 , in this case. By using Eq. (21) .
This shows that the mixing angle should be extremely close to either 0 or π/2. Note that this limit remains quite strong even if we take g Z to be very small. In this case, m Z also gets small, and Γ(τ → eZ ) goes as ∝ g
, remaining constant. The τ -e mixing for the case (iii), induced by the off-diagonal component in Eq. (13), is also constrained by the ARGUS limit in a similar manner. Even if the two-body decay processes are kinematically forbidden, the three-body lepton-flavor changing decay processes can still occur, such as τ − → e − µ + µ − . The present limit on this decay mode is BR(τ
, which is found to constrain the mixing angle at the O(10 −(3−5) ) level, depending on the mass of Z . This limit is also applicable for 2m µ < m Z m τ , where the two-body decay process τ → eZ is allowed and accompanied by Z → µ + µ − , and it again results in a very strong limit on the mixing angle. The limit on the τ → eγ channel, BR(τ → eγ) < 3.3 × 10 −8 [89] , also gives a severe constraint. We thus conclude that the τ -e mixing should be strongly suppressed in the doublet scenarios.
For the µ-e mixing induced by the (1,2) component of the Z -coupling in Eq. (15), we may use the limit on the µ → eX decay if µ → eZ is kinematically allowed. Currently, the most stringent limit on this decay channel is BR(µ → eX)/BR(µ → eνν) < 2.6×10 for a massless Z [90]; a similarly strong limit is obtained for m Z 16 MeV [90] . The TWIST collaboration also gives an upper limit, BR(µ → eX) 10 −5 for m Z = 13-80 MeV [91] . For heavier Z , the limit gets weaker to be 10 −4 [92] . In addition to this direct two-body decay channel, Z can also give rise to µ → eγ at loop level through kinetic mixing of Z with γ induced by the µ and τ loops. For this decay channel, an extremely strong limit is obtained by the MEG Experiment: BR(µ → eγ) < 4.2 × 10 −13 [93] . In any cases, the µ-e mixing is again severely restricted.
As a consequence, we are forced to make the charged lepton-flavor mixing extremely small in the cases (ii) and (iii). For the e-τ mixing, this means θ L = 0 or π/2 in Eq. (18) . 
This indicates that U L and U R in this case are equivalent to a three-dimensional representation of an element in S 3 . Similar arguments can be applied to the other mixing cases. Hence, the general form of M that is free from the charged lepton flavor violation is again given by Eq. (1). We however note that if g = g τ eµ , g τ µe , g µeτ , or g µτ e , the doublet models suffer from various phenomenological constraints. As we see from Eq. (15), these cases are equivalent to either U(1) Le−Lµ or U(1) Le−Lτ models in the mass eigenbasis. These gauge theories are severely restricted by various experiments for m Z 100 GeV. In the doublet models we have m Z = g Z v 1 with v 1 100 GeV, and it turns out that such a Z is excluded in both the U(1) Le−Lµ and U(1) Le−Lτ gauge models [37, 40, 48] . We therefore focus on the g = g eµτ and g eτ µ cases for the doublet models in what follows.
Neutrino mass and mixing structures
Next, we examine the neutrino mass and mixing structure in each model. In particular, we see that there are two conditional equations that should be satisfied by the low-energy neutrino parameters in each model, which make four parameters among them dependent on the rest of parameters.
Singlet
As we mentioned above, we allow M to have a generic form (1) . Throughout this work, we assume that the non-zero components in the Majorana mass matrix M R are much larger than those in the neutrino Dirac matrix M D so that the mass matrix of the active neutrinos is given by the seesaw formula
where M D and M R are given in Eq. (4). This mass matrix can be diagonalized using a unitary matrix
where m i (i = 1, 2, 3) are the mass eigenvalues. This unitary matrix is related to the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix [94] [95] [96] [97] U PMNS by
where As shown in Ref. [57] , m i (i = 1, 2, 3) should be non-zero in order for M ν not to be block-diagonal. Then, we can invert Eq. (26) to obtain
Now in the singlet case, M −1 D is diagonal, and the (µ, µ) and (τ, τ ) components of M R are zero (see Eq. (4)). It then follows from the above equation that the (µ, µ) and (τ, τ ) components in M −1 ν are also zero-this type of structure of the neutrino mass matrix is dubbed as the two-zero minor [68, 69] . In particular, this specific structure is called C R in Ref. [51] , where the (µ, µ) and (τ, τ ) components of the inverse of the neutrino mass matrix vanish. By using Eq. (27), we can express this condition in terms of the following two equations:
The left-hand side of these equations are complex, so four real degrees of freedom are constrained by these conditions. The parameters included in these equations are m i (i = 1, 2, 3), θ 12 , θ 23 , θ 13 , δ, α 2 , α 3 ; among these nine parameters, four independent linear combinations of them are regarded as dependent on the other five degrees of freedom.
In the following analysis, we take the two squared mass differences and the three mixing angles as input parameters, and derive the values of δ, α 2 , α 3 , and i m i from the five input parameters. Some analytical expressions that are useful to determine these values are given in Ref. [57] . Notice that the conditional equations in Eq. (30) do not contain the scale of the U(1) Lµ−Lτ symmetry breaking explicitly. In addition, it is shown in Ref. [57] that the two-zero minor structure remains unchanged under the renormalization group flow when the charged-lepton Dirac Yukawa matrix is diagonal. Therefore, the conclusion we draw in this subsection holds even if the U(1) Lµ−Lτ symmetry breaking scale is much higher than the electroweak scale, which is possible in the singlet case.
There are six cases in the singlet model and each of them corresponds to a different element g 1 2 3 of the symmetry group S 3 , and thus a different M = diag(m 1 , m 2 , m 3 ). Now we note that the conditional equations in Eq. (30) are invariant under the exchange of µ and τ . This corresponds to a transformation g 1 3 2 ), and thus the predictions in the case g 1 2 3 are the same as those in the case g 1 3 2 . In other words, in terms of the diagonal components of M ,
• The cases with M = diag(m e , m µ , m τ ) and diag(m e , m τ , m µ );
• The cases with M = diag(m µ , m e , m τ ) and diag(m µ , m τ , m e );
• The cases with M = diag(m τ , m e , m µ ) and diag(m τ , m µ , m e ); are equivalent, respectively. As noted above, the second (third) case corresponds to the U(1) Le−Lτ (U(1) Le−Lµ ) theory in the mass eigenbasis.
Doublet with
Next, we discuss the neutrino mass structure resulting from M D and M R in Eq. (9) . By using the seesaw formula, we obtain
This has a structure called the two-zero texture [63] [64] [65] [66] [67] , and denoted by B ν 3 in Ref. [51] . This mass matrix is diagonalized in a similar way to Eq. (26):
where we have used Eq. (27) , and g = g eµτ or g eτ µ . The conditional equations in this case are obtained from the (e, µ) and (µ, µ) components in the above equation:
Again, we can determine the four parameters δ, α 2 , α 3 , and i m i as functions of the neutrino oscillation parameters from these equations.
As for M D and M R in Eq. (12), we have
Again, this has a form of the two-zero texture, denoted by B ν 4 in Ref. [51] . By using Eq. (32) and taking the (e, τ ) and (τ, τ ) components, we obtain
with g = g eµτ or g eτ µ . These are the conditional equations for the model (iii).
Notice that the conditions in Eq. (35) are converted into those in Eq. (33) via the interchange of µ and τ . As a result, the cases specified by M = diag(m e , m µ , m τ ) and diag(m e , m τ , m µ ) in the model (ii) make the same predictions as those in the cases with M = diag(m e , m τ , m µ ) and diag(m e , m µ , m τ ) in the model (iii), respectively. 
Summary
All in all, the neutrino mass structures found in the three models are summarized in Table 1 . Each model is specified with the quantum numbers of the U(1) Lµ−Lτ -breaking scalar field. We use the notation adopted in Ref. [51] to identify the neutrino mass structure. The equation numbers of the resultant conditional expressions are also shown, which we use to predict the values of i m i and the CP phases in the subsequent section. For the model (i), there are three independent cases and the rest three are equivalent to the former; while for each of the two cases in the model (ii), there exists a case in the model (iii) that has the same predictions. We will focus on the model (ii) for the doublet cases in the following analysis. As a result, we have five independent (three for the singlet model and two for the doublet models) cases to be investigated.
Neutrino phenomenology
Now we evaluate the values of i m i predicted in the minimal gauged U(1) Lα−L β models.
To that end, we regard the PMNS mixing angles and the squared mass differences as Table 2 . Here, we take = 1 for NO and = 2 for IO in ∆m . We study each case assuming either NO or IO, and solve the conditional equations in Eq. (30) to obtain i m i and the CP phases, using the corresponding parameter set in Table 2 . We then find that only the case (a) with NO has a reasonable solution-the others have no solution for δ or the resultant mass ordering is inconsistent with the assumption. This is consistent with the conclusion drawn in Ref. [57] .
In Fig. 1 , we plot the sum of the neutrino masses as a function of θ 23 predicted in the case (a) with NO. The vertical gray dashed line represents the best fit value of θ 23 , while the vertical gray dotted lines (the plot range) indicate the 1σ (3σ) range. The dark (light) red band represents the uncertainty coming from the 1σ (3σ) range of θ 13 . The effects of the other parameters' uncertainties are subdominant. We also show in the horizontal gray dashed line the limit imposed by the Planck experiment: i m i < 0.12 eV (Planck TT+lowP+lensing+ext) [77] . As we see, there is a strong tension between the prediction and the Planck bound; the predicted value barely avoids the limit only when we allow the parameters to be varied in 3σ. Hence, if the limit gets a little bit more stringent in the future, then the singlet case will be completely ruled out. We also note that such a large i m i implies a quasi-degenerate mass spectrum. For the doublet cases, we focus on the ones with the U(1) Lµ−Lτ charge +1 as discussed above. We find that in the doublet model a solution for the conditional expressions in Eq. (33) is obtained for all of the possible combinations between g = g eµτ , g eτ µ and NO/IO. In Fig. 2 , we show the predicted values of i m i as functions of θ 23 for these four cases. The dark (light) red bands represent the uncertainty coming from the 1σ (3σ) range of ∆m 2 32 . The effects of other parameters' uncertainties are subdominant. It turns out that all of these cases predict a too large i m i and are excluded by the Planck limit. We can thus conclude that the minimal gauged U(1) Lα−L β models with a doublet U(1) Lα−L β -breaking scalar have already been excluded.
By and large, there is basically only one possibility for the minimal gauged U(1) Lα−L β models which are consistent with the existing limits: the U(1) Lµ−Lτ model with a singlet U(1) Lα−L β -breaking scalar field, though this model is also driven into a corner. We now study other predictions of this model and discuss the prospects of testing it in future experiments.
First, in Fig. 3a , we plot the Dirac CP phase δ versus θ 23 in the red lines, with the dark (light) red bands showing the uncertainty coming from the 1σ (3σ) errors in θ 12 . The uncertainties from the other parameters are negligible. We also show the 1σ (3σ) favored region of δ in the dark (light) horizontal green bands. This figure shows that the predicted value of δ falls right in the middle of the experimentally favored range for θ 23 
52
• , around which i m i 0.12 eV as seen in Fig. 1 . As suggested in the previous studies [54, 57] , neutrinoless double-beta decay offers a promising way of probing the singlet case. The rate of neutrinoless double-beta decay is proportional to the square of the effective Majorana neutrino mass m ββ , which is defined by 
As all of the mass eigenvalues and both the Dirac and Majorana CP phases are determined in the minimal gauged U(1) Lµ−Lτ models, the value of the effective mass m ββ is also determined unambiguously in terms of the oscillation parameters. We show the predicted value of m ββ in Fig. 3b as a function of θ 23 , where the dark (light) red band shows the uncertainty coming from the 1σ (3σ) errors in the parameters other than θ 23 . We also show in the light blue band the current bound on m ββ given by the KamLANDZen experiment, m ββ < 0.061-0.165 eV [99] , where the uncertainty stems from the estimation of the nuclear matrix element for 136 Xe. We see that m ββ is predicted to be 0.016 eV for θ 23 
• , which is well below the present KamLAND-Zen limit. Future experiments are expected to have sensitivities as low as O(0.01) eV [100] , and thus are quite promising for testing this scenario.
In summary, the singlet case predicts In (b), the light blue band represents the limit from KamLAND-Zen, m ββ < 0.061-0.165 eV [99] , where the band indicates uncertainty from the nuclear matrix element.
• Quasi-degenerate NO mass spectrum.
• i m i 0.12 eV.
• θ 23 52
• .
• m ββ 0.016 eV.
The measurements of these observables in future neutrino experiments can verify or completely exclude the singlet scenario.
Conclusion and discussion
In this work, we have studied the neutrino mass structures of the minimal gauged U(1) Lα−L β models in a systematic and comprehensive manner. The neutrino mass matrices of these models have a form of either two-zero minor or two-zero texture. Such a characteristic structure requires the low-energy neutrino parameters to obey two conditional equations, which make four of them dependent on the rest of the parameters. In particular, the sum of the neutrino masses is predicted as a function of the neutrino oscillation parameters that are measured with good accuracy in neutrino experiments. We then find that most of the possible cases in the minimal gauged U(1) Lα−L β models are incompatible with the measured neutrino parameters or excluded by the limit on i m i imposed by the Planck 2018 data. There remains only one possibility-the minimal gauged U(1) Lµ−Lτ model with a singlet U(1) Lµ−Lτ -breaking field-though this is also forced into a corner mainly due to the Planck 2018 limit on i m i . Future measurements of i m i and θ 23 , as well as the neutrino-less double-beta decay experiments, can verify or exclude this model. It is pointed out in Ref. [57] that there is a non-trivial prediction for leptogenesis in the singlet model; the asymmetry parameter for leptogenesis is unambiguously determined given a set of the neutrino Dirac Yukawa couplings. In particular, since the positive (negative) sign of the asymmetry parameter leads to the negative (positive) sign of baryon asymmetry of the Universe, the parameter space with a wrong-sign asymmetry parameter is then disfavored. We performed the same analysis as in Ref. [57] with the up-to-date input parameters used in this paper and found that in a wide range of parameter space, the asymmetry parameter has the desired sign (negative), which makes leptogenesis quite promising. This motivates a more detailed analysis on leptogenesis in the singlet scenario, which we defer to another opportunity.
Although we have focused on the minimal gauged U(1) Lα−L β models in our work, a similar discussion can give interesting consequences for other models. For example, the model based on the SU(2) µτ gauge symmetry discussed in Ref. [101] predicts the same neutrino mass structure as in the singlet cases considered in this work, so the discussions given in this paper are also applicable to this model. The same is the case with the model discussed in Refs. [102, 103] . In Ref. [58] , an inverse seesaw model with the gauged U(1) Lµ−Lτ symmetry is discussed, where the neutrino mass matrix has a form of the two-zero texture. In this case, the sum of the neutrino masses is predicted to be i m i 0.15 eV, and thus is in conflict with the Planck 2018 bound. The same two-zero mass structure is predicted in the models given in Refs. [53, 56] , and thus these models also suffer from the neutrino mass bound.
